Background: Plasmodium tryptophan-rich antigens are involved in host-parasite interaction. Results: Plasmodium vivax tryptophan-rich antigen PvTRAg38 interacts with three exofacial loops of Band 3 through its peptide domain KWVQWKNDKIRSWLSSEW to facilitate parasite growth. Conclusion: A novel receptor-ligand interaction between host and parasite has been defined. Significance:The study will help in understanding the host-parasite interaction and development of therapeutics for vivax malaria.
Malaria caused by Plasmodium vivax is very common in Southeast Asian countries and South America, where it affects millions of people each year, leading to a huge economic loss. Unlike Plasmodium falciparum, this parasite is noncultivable in the laboratory. Earlier, it used to cause benign malaria, but recent reports indicate that this parasite is also causing severe malaria in humans leading to deaths (1) . Potential drug and vaccine targets need to be identified considering the fact that there is no effective malaria vaccine available, and this parasite has also started showing resistance toward anti-malarial drugs. Parasite ligands interacting with host receptor molecules are considered good targets to develop anti-malarial therapeutics.
The malaria parasite invades the host erythrocytes through a very complex and multistep process where merozoites come in contact with uninfected erythrocytes. This red cell invasion by the merozoites requires interaction between host and parasite molecules. In case of P. falciparum, several parasite ligands and some of their corresponding host receptors, involved in red cell invasion, have been identified, whereas others are yet to be discovered (2) . For P. vivax, a single pathway to invade the host erythrocytes through the Duffy antigen had been suggested in the literature (3) . However, the P. vivax infections among the Duffy-negative population indicate that there could be yet another pathway or some other erythrocyte receptors involved in assisting host cell invasion by this parasite (4) . The scanty information on host receptors and parasite ligands involved in erythrocyte invasion by the P. vivax warrants further investigation.
The tryptophan-rich antigens expressed by the merozoites of different Plasmodium species have been implicated in erythrocyte invasion. For example, the P. falciparum tryptophan-threonine-rich antigen (PfTryThrA) has a role in invasion of the host erythrocyte by the parasite (5) . Similarly, tryptophan-rich proteins of murine malaria have shown partial protection against Plasmodium yoelli infection in mice (6, 7) . The orthologous proteins of this family are also reported from P. vivax (8) , where several of them bind to the uninfected human erythrocytes (9, 10) . Some of these binder proteins are being expressed at schizont/merozoite stages (11) . However, the erythrocyte receptors for tryptophan-rich proteins of any of the Plasmodium species, including P. vivax, are yet to be identified. Our earlier findings have revealed that one of the erythrocyte bind-
Materials
The purified histidine-tagged PvTRAg38, bacterial thioredoxin, and rabbit antibodies against PvTRAg38 were available in the lab (9, 12, 13) . Octaethylene glycol mono dodecyl ether (C 12 E 8 ), a nonionic detergent; o-phenyldiamine; RPMI 1640; hypoxanthine; penicillin-streptomycin; and monoclonal antibodies against Band 3, His 6 , and GST (Sigma-Aldrich) pGEX4T-1, glutathione-Sepharose TM 4B resin, CM5 chips, and other coupling reagents (GE Healthcare), pPROEX HT, Pfx polymerase, fetal calf serum, Lipofectamine 2000, AcTEV protease, and Alexa Flour 488-conjugated goat anti-mouse or antirabbit IgG (Invitrogen Life Technologies) were obtained commercially.
Methods

PCR Amplification, Cloning, Expression, and Purification of
Recombinant Proteins-Exon 2 of PvTRAg38, encoding majority of the protein, was divided into three parts: the N-terminal region (amino acids 58 -142), the middle (M) part (amino acids 143-231), and the C-terminal region (amino acids 231-316). The DNA fragments covering these regions were amplified from the original pvtrag38 clone (9) using specific primers: 5Ј-ACATAGGATCCAGCTATAGACCA-3Ј and 5Ј-TTTAAAG-CTTTTTTCACTATAGTG-3Ј for the N-terminal coding region, 5Ј-AAAAGGATCCAAGAACACAAAAGT-3Ј and 5Ј-TTTTGAAGCTTTAGCGCGCTCTAC-3Ј for middle coding region, and 5Ј-GGATCCAAATGGTTGCAAGAAGCA-3Ј and 5Ј-CTAAACCTCGAGTGCAGTATTTGC-3Ј for the C-terminal coding region. The DNA was denatured at 94°C for 10 min followed by 35 cycles as follows: denaturation at 94°C, annealing at 55°C, and extension at 68°C for 1 min each. The final extension at 68°C was carried out for 15 min. The PCR products were cloned into the pGEM-T Easy vector (Promega, Madison, WI) and then subcloned into pPROEX HT expression vector. The expression and purification of histidine-tagged recombinant proteins was carried out as described by Bora et al. (14) .
To perform GST pulldown assay, exon 2 coding region of pvtrag38 was amplified from the original clone (9) using primers 5Ј-ACATAGGGATCCGCTAATAGACCA-3Ј and 5Ј-CTA-AACCTCGAGTGCAGTATTTGC-3Ј under the same PCR conditions as described above except the annealing temperature used was 52°C. The PCR product was cloned in pGEMT-T Easy and then subcloned in pGEX4T-1 vector to express PvTRAg38 with N-terminal GST tag. The recombinant GST-PvTRAg38 was purified on glutathione-Sepharose TM 4B resin following the manufacturer's instructions.
The DNA encoding each of the six extracellular loop regions of Band 3 (15) was amplified from the cDNA (prepared from the human blood RNA) using following primers: 5Ј-GGATCCGG-CGGCCTCCTGGGAGAA-3Ј and 5Ј-CTCGAGCGACCAC-AAGCAGGGGCT-3Ј for loop1 (B3F1), 5Ј-GGATCCCCTGC-TTGTGGTCGGCTT-3Ј and 5Ј-CTCGAGAAGCCGATCCA-CACGCGGC-3Ј for loop2 (B3F2), 5Ј-GGATCCTCCAAGCT-GATCAAGATCTT-3Ј and 5Ј-CTCGAGTGTGTTGGGCAG-GGGGC-3Ј for loop3 (B3F3), 5Ј-GGATCCTTCATTCAGGA-TACCTAC-3Ј and 5Ј-CTCGAGCATCCAGATGGGAA-ACT-3Ј for loop4 (B3F4), 5Ј-GGATCCGGGATGCCCTGG-CTCAG-3Ј and 5Ј-CTCGAGGATCCGCTGCTCTTTGAC-3Ј for loop5 (B3F5), and 5Ј-GGATCCGACCGCATCTTGCTT-CTG-3Ј and 5Ј-CTCGAGGGGCAGGGCCAGGGAG-3Ј for loop6 (B3F6). The PCR conditions were the same as above except the annealing temperature was 59°C for B3F1 and B3F2; 57°C for B3F3, B3F5, and B3F6; and 50°C for B3F4. The PCR products were cloned in to pET32a to express histidine-tagged recombinant proteins, which were purified on Ni 2ϩ -nitrilotriacetic acid column as described in Ref. 14. The proofreading Pfx polymerase enzyme was used to amplify the DNA. The restriction sites introduced in the primers are underlined.
The 1851-bp coding region of exon 2 of pftrythrA (PlamoDB accession no. PF3D7_0830500) was amplified from the P. falciparum parasite DNA using primers 5Ј-TAT TTA TAA AAT CGT CTC ATC CAG-3Ј and 5Ј-CCA TAC ATT CAT ACA ATT TAA ATG-3Ј and nested primers 5Ј-GGA TCC GCT CTC AAA GAG AAG AAG-3Ј and 5Ј-CTC GAG TTA AAC ATT AAT TTC ATT TCC-3Ј. The DNA was denatured at 94°C for 10 min followed by 35 cycles as follows; denaturation at 94°C, annealing at 41°C for primary PCR and 46°C for nested PCR, and extension at 60°C for 3 min each. The final extension at 60°C was carried out for 15 min. The PCR products were cloned into the pGEM-T Easy and then subcloned into pGEX4T-1 vector to express PfTryThrA with N-terminal GST tag. The recombinant GST-PfTryThrA was purified on glutathione-Sepharose TM 4B resin as above.
Cloning and Expression of PvTRAg38 and Its Fragments in CHO-K1 Cells-For surface expression, exon 2 of PvTRAg38 and its fragments were PCR-amplified and cloned, in frame, to PvuII and ApaI sites of pRE4 vector (kindly gifted by Gary Cohn and Roselyn Eisenberg) so as to produce a fusion protein containing the signal sequence and transmembrane region of the Herpes simplex glycoprotein D (HSVgD) at the N-terminal and C-terminal regions, respectively, of the recombinant protein (16) . This recombinant DNA was then used to transfect the CHO-K1 cells (American Type Culture Collection), which were cultured in RPMI 1640 medium with 10% fetal calf serum, 4 mM glutamine, 1ϫ penicillin-streptomycin at pH 7.4 in a humidified 5% CO 2 incubator at 37°C. The transfection was done with cationic lipid Lipofectamine 2000, following the manufacturer's protocol. Transfected CHO-K1 cells were incubated for 1 h with mouse monoclonal antibodies DL6 (Santa Cruz, Dallas, TX) directed against the C terminus of the H. simplex glycoprotein D sequences or rabbit polyclonal anti-sera directed against PvTRAg38. Alexa Flour 488-conjugated goat anti-mouse or anti-rabbit IgG were used as secondary antibodies. DAPI was used for nuclei staining. Images were captured under UV light at 400ϫ magnification using Nikon eclipse 80i microscope (Nikon Corporation, Tokyo, Japan).
Synthetic Peptides-The 18-amino acid-long nonoverlapping peptides, derived from M-PvTRAg38 sequences, were commercially synthesized (Thermo Fisher Scientific) with or without six histidine residues attached to their C terminus.
Erythrocyte Binding Assay by Cell-ELISA-ELISA-based erythrocyte binding assay was performed as described earlier (9, 17) . Briefly, ϳ1 million human erythrocytes were added to each well of a 96-well microtiter plate. After overnight incubation at 4°C, the erythrocytes were fixed with 0.3% glutaraldehyde at 25°C for 30 min. Plates were blocked with 5% BSA and then incubated with different concentrations (0 -2 M) of histidine-tagged PvTRAg38, recombinant fragments of PvTRAg38, or synthetic peptides for 4 h at room temperature. Recombinant thioredoxin from Desulfovibrio desulfuricans was used as negative control (12) . Plates were washed with PBST (PBS containing 0.05% Tween 20) and incubated with 1:2000 dilution of the primary mouse monoclonal anti-His 6 antibody, followed by HRP-conjugated anti-mouse IgG secondary antibody (Pierce). Finally, plates were developed with o-phenyldiamine substrate, and OD was measured at 490 nm.
For competition assay, a mixture of histidine-tagged recombinant M-PvTRAg38 (200 nM) and variable amounts (0 -4 M) of untagged PvTRAg38 or histidine-tagged (200 nM) and untagged (0 -4 M) peptides were added to each well of the ELISA plate containing ϳ1 million RBCs. The plates were developed with the anti-His 6 monoclonal antibodies as above.
Erythrocyte Binding Assay by Rosetting-This assay was done according to the method described by Chitnis and Miller (18) and adopted by Zeeshan et al. (10) using CHO-K1 cell line instead of COS-7 cells. Briefly, erythrocytes were collected in 10% citrate phosphate dextrose and washed three times in RPMI 1640 medium (pH 7.4) containing 0.36 mM hypoxanthine. Hematocrit at 1% was added to CHO-K1 cells expressing PvTRAg38 or its fragments and incubated for 1 h in a humidified 5% CO 2 incubator at 37°C. After 1 h of incubation, the cells were washed four times with incomplete RPMI 1640 medium, pH 7.4, and the numbers of rosettes (more than five erythrocytes bound to each transfected CHO-K1 cell) were scored in 20 fields at 200ϫ magnification using Nikon Eclipse TS 100 inverted microscope (Nikon Corporation, Tokyo, Japan) and were normalized to transfection efficiency of 15%. CHO-K1 cells transfected with plasmid pHVDR22 (containing PvRII region of P. vivax Duffy binding protein) (18) and nonbinder PvTRAg53.7 (10) were used as positive and negative controls, respectively.
For competition assays, erythrocytes at 1% hematocrit were preincubated with different concentrations of PvTRAg38, M-PvTRAg38, or peptide P-1, P-2, P-3, P-4, or P-5 (0 -20 M, in incomplete RPMI 1640, pH 7.4) for 1 h at 37°C. Erythrocytes, preincubated with these recombinant proteins or peptides, were added to transfected CHO-K1 cells, and an erythrocyte binding assay was performed. In another set, RE4-PvTRAg38-transfected CHO-K1 cells were preincubated with different concentrations (0 -10 M) of Band 3 fragments (B3F1, B3F3, or B3F6) for 1 h at 37°C in a humidified 5% CO 2 incubator and then allowed to interact with human erythrocytes as above.
Erythrocyte Binding Assay by Flow Cytometry-The flow cytometry-based erythrocyte binding assay was performed according to Tran et al. (19) as described earlier (9) . Briefly, ϳ1 million human erythrocytes were incubated with 1 M of histidine-tagged recombinant PvTRAg38, its fragments, or synthetic peptides for 4 h at room temperature. Cells were pelleted by centrifugation at 2000 ϫ g for 5 min. Pellets were washed two times with 1% BSA in PBS and incubated with mouse antipentahistidine Alexa Fluor 647-conjugated monoclonal antibody (Qiagen) for 1 h at 4°C in dark. Samples were again pelleted and washed three times with 1% BSA in PBS. After washing, the pellet was suspended in 1% BSA (in PBS) for acquiring erythrocytes. Two hundred thousand total events were acquired per sample using a BDLSRII flow cytometer (Becton-Dickinson) and Facs Diva software.
Pulldown Assay-Erythrocyte membrane was prepared by hypotonic lysis of the erythrocytes using the method of Dodge et al. (20) . To identify the host erythrocyte membrane proteins interacting with PvTRAg38, the pulldown assay was performed as described by Yajima et al. (21) . Briefly, the above mentioned erythrocyte membrane preparation in 5 mM phosphate buffer (pH 7.5) containing protease inhibitor mixture was dissolved in 1% C 12 E 8 by incubating it on ice for 20 min. After centrifugation at 20,000 ϫ g for 30 min at 4°C, the solubilized erythrocyte membrane preparation was incubated with 1:1 glutathione-Sepharose 4B resin for 1 h. 10 g of GST-PvTRAg38 or GST alone were incubated with 100 l of 50% glutathione-Sepharose 4B resin for 1 h at 4°C, followed by washing with Tris-buffered saline (25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 7.5) containing 0.1% C 12 E 8 . The GST-PvTRAg38 (or GST alone) bound to glutathione resin was then incubated overnight at 4°C with 500 g of solubilized erythrocyte membrane proteins. To remove unbound material, resin was washed five times with Tris-buffered saline containing 0.1% C 12 E 8, and finally with 10 mM Tris-HCl, pH 7.5. The GST-glutathione complexes of the pulldown were dissociated with 2ϫ loading dye and then separated on SDS-PAGE. After electrophoresis, the gel was stained with Coomassie Blue, and protein bands were identified by mass spectroscopy.
To free the erythrocyte's membrane from the cytoskeleton peripheral membrane proteins, the membrane was treated with 0.1 M NaOH as described by Casey et al. (22) . The stripped erythrocyte membrane was solubilized in 1% C 12 E 8 and used in pulldown assay as above.
Purification of Human Erythrocyte Membrane Protein Band 3-The Band 3 was isolated from RBC according to the method described by Casey et al. (22) . First, the erythrocyte membrane was prepared by hypotonic lysis of erythrocytes, and then peripheral proteins were stripped from membrane by resuspending it in 10 volumes of ice-cold 2 mM EDTA, pH 12. The stripped membrane was solubilized in 1% (v/v) C 12 E 8 in 5 mM phosphate buffer (pH 8), and Band 3 protein was purified by affinity chromatography on aminoethyl-agarose resin (ABT Beads, Madrid, Spain). The purity and identity of the purified protein was confirmed by SDS-PAGE, Western blot analysis using monoclonal anti-Band 3 antibody, and mass spectrometry.
Solid Phase Binding Assay-This assay was performed by coating each well of 96-well ELISA plate with 50 nM of Band 3 protein in carbonate buffer, pH 9.6. Before coating the protein, each well of the plate was pretreated with gluteraldehyde and poly-L-lysine (Sigma-Aldrich) as described by Sorette et al. (23) . The coated ELISA plates were blocked with 5% BSA in PBS for 2 h at 37°C and then washed with 0.02% PBST followed by incubation with different concentration (0 -2 M) of histidinetagged PvTRAg38, its fragments, synthetic peptides, or bacterial thioredoxin and developed with monoclonal anti-His 6 antibody as above.
For binding of Band 3 fragments to PvTRAg38 or synthetic peptides, each well of a 96-well ELISA plate was coated with 0.5 M of untagged PvTRAg38 or peptides. After blocking with 5% BSA, the plates were incubated with different concentrations (0 -2 M) of histidine-tagged Band 3 fragments and developed with monoclonal anti-His 6 antibody as above.
For competition assay, the histidine tag of the recombinant PvTRAg38 was removed by the treatment of AcTEV protease according to the manufacturer's protocol. Increasing concentration (0 -4 M) of untagged PvTRAg38 was mixed with 0.5 M of histidine-tagged PvTRAg38, M-PvTRAg38, or peptide P-4. This mixture was added to Band3 (50 nM) coated ELISA plate and incubated for 4 h at 37°C. Plates were developed with monoclonal anti-His 6 antibody as above. Binding of PvTRAg38 fragments to human erythrocytes. A, PvTRAg38 encoded by exon 2 was divided in to three (N-terminal, middle, and C-terminal) parts. These DNA fragments were PCR-amplified, cloned, and expressed in E. coli for Cell-ELISA or in mammalian cell line CHO-K1 for rosetting assay. B, erythrocyte binding activity of PvTRAg38 fragments by Cell-ELISA. Each well of the ELISA plate was coated with ϳ1 million erythrocytes and reacted with different concentrations (0 -2 M) of histidine-tagged recombinant PvTRAg38 and its fragments. The plate was developed with mouse anti-His 6 monoclonal antibody as described in the text. C, specificity of erythrocyte binding to M-PvTRAg38 fragment by competition assay. For this, a mixture of histidine-tagged recombinant M-PvTRAg38 (200 nM) and variable amounts (0 -4 M) of untagged PvTRAg38 were added to ϳ1 million RBCs coated in each well of the ELISA plate. The plate was developed with mouse anti-His 6 monoclonal antibody as described in the text. Binding in the absence of untagged PvTRAg38 was taken as percentage control for rest of the concentrations. D, erythrocyte binding activity of PvTRAg38 fragments by rosetting assay. PvTRAg38 fragments were expressed on the surface of the transfected CHO-K1 cells, detected by the mouse monoclonal antibody DL6 as in Fig. 1 (green fluorescence) . The nuclei were stained with DAPI (blue color). Merged images of blue and green fluorescence are shown in the upper panels. The lower panels show the rosette formation where transfected CHO-K1 cell is binding to more than five erythrocytes. E, specificity of binding of PvTRAg38 and its fragment M-PvTRAg38 expressed on CHO-K1 cells to erythrocytes by competition assay. Erythrocytes (1% hematocrit) were preincubated with different concentrations of histidine-tagged PvTRAg38 or M-PvTRAg38 (0 -20 M) for 1 h at 37°C. They were then allowed to bind to RE4-PvTRAg38 transfected CHO-K1 cells at 37°C for 1 h. The results were expressed as relative binding to positive control (binding of PvTRAg38 transfected cells with untreated RBCs). The mean and Ϯ standard deviation of three experiments is reported.
TABLE 1 Amino acid sequence of synthetic peptides derived from M-PvTRAg38, used in erythrocyte binding assay
Peptides were synthesized with and without six histidine residues attached at their C-terminal end.
Name of peptide
Amino acids position in PvTRAg38
Amino acid sequence of peptides
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For competitive binding of Band 3 fragments with PvTRAg38 or its peptides, the Band 3 fragments (0.5 M) were mixed with increasing concentrations (0 -4 M) of untagged PvTRAg38 or peptide P-2 or P-4. Then this mixture was added to GST-tagged PvTRAg38-coated ELISA plate and incubated for 4 h at 37°C. Plates were developed with monoclonal anti-His 6 antibody as above.
Surface Plasmon Resonance Analysis-Real time interactions of PvTRAg38, its fragment M-PvTRAg38, or peptide P-4 with Band 3 or with Band 3 fragments (B3F1, B3F3, and B3F6) were analyzed by surface plasmon resonance studies under flow condition using a Biacore 2000 instrument (Biacore, Uppsala, Sweden) as described by Bhalla et al. (24) . The carboxymethylateddextran surfaces of Biacore CM5 sensor chips were activated by injection of 1:1 mixture of N-hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride for 7 min at a flow rate of 10 l/min. Purified Band 3 protein (0.06 g/l) and recombinant Band 3 fragments (0.01 g/l) in 10 mM sodium acetate buffer, pH 4.5, were injected over the activated surface of different sensor chip's flow cell at a flow rate of 10 l/min. A nonspecific recombinant protein (bacterial recombinant thioredoxin from D. desulfuricans) at a concentration of 0.03 g/l was immobilized on surface of another flow cell in a similar way and used as a negative control (12) . A third sensor chip flow cell was blocked by injection of ethanolamine at a flow rate of 10 l/min for 5 min and was used as blank. Kinetic binding analysis for interaction of PvTRAg38, M-PvTRAg38, and P-4 was carried out by injecting the different analytes (0.1-1.5 M) over the immobilized Band 3 and its fragments, separately, at a flow rate of 30 l/min in independent experiments. The peptide or recombinant proteins were injected for 240 s at a flow rate of 30 l/min with the running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% P20 surfactant). The dissociation was monitored for 240 s with the running buffer at the same flow rate. To correct for refractive index changes caused by running buffer and instrument noise, running buffer was injected at a flow rate of 30 l/min in the blank flow cells, and the observed response difference was subtracted from the experimental data. The flow rate of the peptide and the recombinant proteins was varied from 10 to 75 l/min to assess whether the binding interactions were limited by mass transfer. The experimental surface was regenerated by injecting regeneration solution (10 mM NaOH) at a flow rate of 30 l/min for 1 min. The binding constant, K d , was calculated as k d1 /k a1 using the data analysis program BIAevaluation 3.2RC1 (Biacore). Kinetic rate constants were determined by fitting the corrected response data to a simple 1:1 Hill-Langmuir binding isotherm model using BIAevaluation 3.2RC1 software.
P. falciparum Culture and Growth Inhibition Assay-P. falciparum 3D7 was cultured in complete RPMI 1640 medium containing 27.2 mg/liter hypoxanthine, 0.5 g/liter AlbuMAX I (Gibco), and 2 g/liter sodium bicarbonate, using O ϩ human erythrocytes (4% hematocrit) under mixed gas (5% O 2 , 5% CO 2 , and 90% N 2 ). Growth inhibition assay was performed as described by Persson et al. (25) . To assess the effect of PvTRAg38 on P. falciparum growth, parasite culture was synchronized by sorbitol treatment and synchronous culture at A, the peptides were tested for their erythrocyte binding activity by Cell-ELISA where the ELISA plate was coated with ϳ1 million erythrocytes and reacted with different concentrations (0 -2 M) of histidine-tagged peptides. The plate was developed with mouse anti-His 6 monoclonal antibody as described in the text. B, specificity of binding of peptides to erythrocytes by competition assay in Cell-ELISA. For this, a mixture of histidine-tagged (200 nM) and untagged (0 -4 M) peptide was added to ϳ1 million RBCs. The plate was developed with mouse anti-His 6 monoclonal antibody as described in the text. Binding in the absence of respective untagged peptides was taken as percentage control for rest of the concentrations. C, specificity of binding of PvTRAg38 and its peptides to erythrocytes by competition in rosetting assay. Erythrocytes (1% hematocrit) were preincubated with different concentrations of recombinant PvTRAg38 or peptide P-1, P-2, P-3, P-4, or P-5 (0 -20 M) for 1 h at 37°C. They were then allowed to bind to RE4-PvTRAg38 transfected CHO-K1 cells at 37°C for 1 h. The results are expressed as relative binding to positive control (binding of PvTRAg38 transfected cells with untreated RBCs). The mean and Ϯ standard deviation of three experiments is reported. late schizont stage with parasitemia of 1% were treated with the PvTRAg38, PfTryThrA, and PvTRAg53.7 at different concentrations (1-25 M) in a 96-well culture plate in triplicate. Uninfected erythrocytes, infected erythrocytes alone and infected erythrocytes with PBS were taken as controls. Parasites were maintained for 40 h and stained with ethidium bromide. One hundred thousand total events were acquired per sample, using FACSDiva software on a BDLSRII flow cytometer.
Results
Defining the Erythrocyte-binding Domains of PvTRAg38 -Earlier, we described erythrocyte binding activity of PvTRAg38 by Cell-ELISA and flow cytometry assay (9) . Here, we have fur-ther confirmed it by rosetting assay where exon 2 encoded PvTRAg38 was expressed on the surface of the transfected CHO-K1 cells and allowed to bind to human erythrocytes. The surface expression of the proteins was detected by the DL6 antibody against vector-derived protein (Fig. 1, upper panels) . The surface expression of PvTRAg38 was also confirmed by the anti-PvTRAg38 antibody raised in rabbits. Several human erythrocyte cells (more than five) were found attached with the PvTRAg38 expressing CHO-K1 cell (Fig. 1,  lower panels ). This rosette formation was similar to that of the positive control PVRII of Duffy binding protein of P. vivax (18) . The CHO-K1 cells expressing non-erythrocyte-binding protein PvTRAg53.7 (10) did not show rosette formation with erythrocytes. Numbers of CHO-K1 cells with rosettes, counted in 20 fields at 200ϫ magnification, were 19.6 Ϯ 2.6 and 19.95 Ϯ 4 for PvTRAg38 and PvRII, respectively. Only 1.1 Ϯ 1.17 CHO-K1 cells transfected with PvTRA53.7 showed rosetting. The transfection efficiency for each experiment was normalized to 15%. The mean Ϯ S.D. value is derived from three different experiments. Exon 2 encoded PvTRAg38 was divided in to three parts ( Fig.  2A) . Each fragment was expressed either as histidine-tagged fusion protein in Escherichia coli for Cell-ELISA or HSVgD fusion protein on the surface of CHO-K1 cells for rosetting assay. Only one of these three fragments, i.e. M-PvTRAg38, showed erythrocyte binding activity by both assays (Fig. 2,  B-E) . The specificity of binding was confirmed by competition data in both the assays (Fig. 2, C and E) . These results indicate that the erythrocyte binding activity of PvTRAg38 resides in the region of 143-231 amino acids.
To further define the erythrocyte-binding domains within the M-PvTRAg38 (amino acid positions 143-231), the nonoverlapping peptides of 18 amino acids, each having six histidine residues at its C-terminal end, were synthesized (Table 1) and tested for their erythrocyte binding activity. Peptides P-2 (amino acid positions 161-178) and P-4 (amino acid positions 197-214) were found to contain this activity (Fig.  3A) . This binding was specific as evident by the competition assay in Cell-ELISA (Fig. 3B) . Similarly, only these two peptides were able to compete for erythrocyte binding in rosetting assay (Fig. 3C) .
The erythrocyte binding activity of these two peptides along with middle fragment of PvTRAg38 was also confirmed by flow cytometry data shown in Fig. 4 . Thus there were two erythrocyte-binding domains in PvTRAg38 located at amino acid positions 161-178 and 197-214.
Band 3 of Human Erythrocyte Binds to PvTRAg38 -The pulldown assay with PvTRAg38 captured four erythrocyte membrane proteins (Fig. 5A) . The mass spectroscopy analysis of these captured protein bands identified them as Spectrin, Ankyrin, Band 3, and Band 4.2. Among these four proteins, only Band 3 is exposed at the surface of RBC. Association of Ankyrin and Band 4.2 with Band 3 in addition to interaction of beta chain of Spectrin with Ankyrin (26 -28) in erythrocyte cytoskeleton meshwork could have captured them in pulldown assay. Indeed, these associated proteins were removed by treating the erythrocyte membrane by NaOH and pulldown assay captured only Band 3 protein (Fig. 5B) . For further analysis, we purified Band 3 protein from the human erythrocyte mem-brane. Purity and identity of Band 3-purified protein was confirmed by SDS-PAGE followed by Western blot using anti-Band 3 monoclonal antibody (Fig. 6A) . The identity of the purified Band 3 protein was also confirmed by mass spectrometry analysis. This purified Band 3 protein showed dose-dependent binding to PvTRAg38 in a solid phase ELISA in comparison with the recombinant bacterial thioredoxin (Fig. 6B ). The AUGUST 14, 2015 • VOLUME 290 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 20265 specificity of binding of PvTRAg38 with Band 3 was further confirmed by the competition data in solid phase ELISA (Fig.  6C) . The SPR analysis also confirmed this interaction between PvTRAg38 and Band 3 (Fig. 6D ) with a dissociation constant value of 5.29 Ϯ 0.43 ϫ 10 Ϫ8 M.
Band 3 and PvTRAg38 Interaction Mechanisms
Band 3 Binds to Peptide P-4 of PvTRAg38 -The solid phase binding assay results showed that only middle fragment M-PvTRAg38 and not the other two fragments of this parasite protein bind to Band 3 (Fig. 7A) . The specificity of this binding of M-PvTRAg38 to Band 3 was confirmed by competition assay results of solid phase ELISA (Fig. 7B) . The SPR analysis further confirmed this interaction between Band 3 and the M-PvTRAg38 fragment with a K D value of 7.39 Ϯ 1.24 ϫ 10 Ϫ8 M (Fig. 7C) . This interaction is similar to that of the Cell-ELISA results where the same fragment showed binding to erythrocytes ( Fig. 2B) . Because synthetic peptides P-2 and P-4 showed binding to erythrocytes in Cell-ELISA (Fig. 3A) , we investigated their binding capacity to Band 3. Only peptide P-4 showed interaction with Band 3 protein in solid phase ELISA (Fig. 7D) . The specificity of binding was confirmed by competition assay results in solid phase ELISA (Fig. 7E ) and by SPR with K D value of 1.8 Ϯ 0.65 ϫ 10 Ϫ9 M (Fig. 7F) .
Three Ectodomains of Band 3 Bind to PvTRAg38 and Its Peptide P-4 -We have cloned and expressed all the six extracellular loop regions of Band 3 as histidine-tagged fusion proteins in E. coli and evaluated them for their binding ability to PvTRAg38 and its peptide P-4. Band 3 fragment 1 (B3F1) covered 424 -462 amino acid residues, fragment 2 (B3F2) covered 458 -494 amino acid residues, fragment 3 (B3F3) covered 538 -570 amino acid residues, fragment 4 (B3F4) covered 623-663 amino acid residues, fragment 5 (B3F5) covered 720 -761 amino acid residues, and fragment 6 (B3F6) covered 807-860 amino acid residues of this protein. The results of solid phase ELISA showed that PvTRAg38 binds to B3F1, B3F3, and B3F6 of Band 3 in a dose-dependent manner (Fig. 8A) . Other fragments of Band 3 and bacterial thioredoxin showed insignificant binding to PvTRAg38. The competition assay results of solid phase ELISA showed that the binding of Band 3 fragments with the PvTRAg38 was specific (Fig. 8B ). Interaction of these three Band 3 fragments (B3F1, B3F3, and B3F) with PvTRAg38 was also evident from the rosetting experiment where these fragments competed with erythrocytes to bind to CHO-K1 cells expressing PvTRAg38 protein (Fig. 8C) . The SPR analysis fur-ther confirmed that PvTRAg38 interacts with these three fragments of Band 3 (Fig. 8, D--F) . The dissociation constants for PvTRAg38 interaction with B3F1, B3F3, and B3F6 were 2.11 Ϯ 0.55 ϫ 10 Ϫ9 M, 9.2 Ϯ 0.88 ϫ 10 Ϫ9 M, and 1.8 ؎ 0.74 ϫ 10 Ϫ9 M, respectively.
Because we have shown above that peptide P-4 of PvTRAg38 binds to Band 3, we studied here the interaction of this peptide with Band 3 fragments by solid phase ELISA and SPR. The results of solid phase ELISA showed that P-4 was able to bind to all three extracellular loops (B3F1, B3F3, and B3F6) of Band 3 (Fig. 9A) . This binding was specific as evident from the competition assay data (Fig. 9B ). Interaction between P-4 and Band 3 fragments was further confirmed by the SPR results ( Fig. 9,  C-E) . The dissociation constants for interaction of P-4 with B3F1, B3F3, and B3F6 were 9.8 Ϯ 0.64 ϫ 10 Ϫ9 M, 8.36 Ϯ 0.59 ϫ 10 Ϫ9 M, and 1.33 Ϯ 0.66 ϫ 10 Ϫ8 M, respectively.
PvTRAg38 Inhibits Parasite Growth in in Vitro P. falciparum Culture-To evaluate the role of PvTRAg38 and Band 3 interaction on parasite growth, we used the heterologous parasite P. falciparum culture system because P. vivax is difficult to culture. We used the P. falciparum model based on the fact that Band 3 acts as receptor for P. falciparum MSP 1 protein on merozoite surface and blockade of Band 3 on human erythrocytes by monoclonal antibodies had been shown to affect the parasite invasion (29, 30) . Our results on P. falciparum (3D7) culture at 1% parasitemia treated with different concentrations of PvTRAg38 showed a parasite growth inhibition in a dose-dependent manner in comparison to culture treated with nonbinder PvTRAg53.7 (Fig. 10) . The maximum growth inhibition was ϳ35% at 20 M of PvTRAg38. Similarly, the positive control PfTryThrA also showed the parasite growth inhibition. This inhibition suggests the sharing of common receptor Band 3 by P. vivax and P. falciparum merozoite molecules involved in invasion process.
Discussion
Earlier, we have described that 10 PvTRAg proteins, including PvTRAg38, bind to human erythrocytes, which were affected by natural antibodies produced during the P. vivax infection (9, 10) . Binding of the PvTRAg38 to erythrocytes was also affected by chymotrypsin treatment, indicating that the receptor molecule must be sensitive to this enzyme (9) . Here, we have identified this chymotrypsin-sensitive erythrocyte membrane protein, which binds to PvTRAg38. To identify this host protein, the pulldown assay was performed with PvTRAg38, where it captured four erythrocyte proteins: Band 3, Band 4.2, Spectrin, and Ankyrin (Fig. 5A ). Because Band 3 is exposed at the erythrocyte surface and also can be cleaved by chymotrypsin, this host protein could act as receptor for para-site ligand PvTRAg38. The other three erythrocyte proteins could have been captured in pulldown because they show association with one another in cytoskeleton meshwork (26 -28) . This was confirmed by the results of pulldown assay performed on the NaOH-treated erythrocyte membrane, where only Band 3 was captured, whereas other proteins were removed by this treatment (Fig. 5B ). Because PvTRAg38 interacts with two erythrocyte receptors (9), we were able to capture here only Band 3, which binds to PvTRAg38 through peptide P-4 domain and were unable to capture the other erythrocyte receptor, which is resistant to chymotrypsin treatment and binds to this parasite ligand through its P-2 domain. This could be because Band 3 is present in larger quantity in erythrocytes, whereas the other receptor may be present in a very low quantity and thus is not captured here in a pulldown assay and remains unidentified.
Band 3, which is defined here as potential erythrocyte receptor for PvTRAg38, is also known to interact with a number of known and unknown P. falciparum proteins and plays a crucial role in host cell invasion (29, (31) (32) (33) (34) (35) (36) . This is based on the fact that the monoclonal antibodies against Band 3 blocked the invasion of rhesus monkey erythrocytes by the Plasmodium knowlesi merozoites in a primate model (37) . Similarly, the in vitro invasion of human erythrocytes by P. falciparum merozoites was also blocked by the monoclonal antibodies against extracellular epitopes of Band 3 (30) . Furthermore, the erythrocytes from the ovalocytosis patients having genetically defective Band 3 protein were poor host cell for P. falciparum invasion and growth (38) . Thus it is possible that similar host receptor and parasite ligand interaction between Band 3 and PvTRAg38 is taking place during the host cell invasion by the P. vivax merozoites. This is supported by the fact that its orthologous tryptophan-rich proteins of human malaria parasite P. falciparum are involved in host cell invasion (5) . This interaction between PvTRAg38 and Band 3 may be involved in the initial reversible attachments of merozoites to the erythrocytes as in case of P. falciparum (MSP1-Band 3), or it may act in association with other receptors/proteins as an alternate pathway of red cell invasion by P. vivax. Binding of erythrocytes to the CHO-K1 cells expressing PvTRAg38 at its surface ( Fig. 1 ) could be nearly mimicking the natural phenomenon where merozoite expressing PvTRAg38 interacts with erythrocytes. However, a question can arise that this erythrocyte binding activity of PvTRAg38 could be due to its glycosylated form because there are two potential N-linked glycosylation sites (at amino acid positions 109 -111 and 159 -161) in this exon 2 encoded sequence, which can be glycosylated in mammalian cells (CHO-K1) but not in parasite. We can rule out this possibility because the first potential glycosylation site falls in the N-PvTRAg38 fragment, which does not bind to erythrocytes, and the erythrocyte binding activity of M-PvTRAg38, which contains the other glycosylation site, is competed out by the E. coli expressed nonglycosylated M-PvTRAg38 form in rosetting assay (Fig. 2) . Furthermore, the nonglycosylated M-PvTRAg38 and its synthetic peptides P-2 and P-4 were binding to erythrocytes in Cell-ELISA ( Figs. 2B and 3B) .
The molecular interaction between PvTRAg38 and Band 3 seems to have an important biological role for the parasite survival and growth. This is evident from the experimental results where PvTRAg38 interferes with the parasite growth in P. falciparum culture (Fig. 10 ). This may be because PvTRAg38 could be competing with the P. falciparum merozoites for Band 3 receptor on erythrocytes, and it is known that Band 3 blockade inhibits invasion of red cells by P. falciparum merozoites (30, 37) . The question arises regarding which of the P. falciparum merozoite molecules are competing with PvTRAg38 in this assay. Because it is known that MSP 1 of P. falciparum merozoites recognize the same Band 3 on erythrocyte surface as PvTRAg38, it is possible that these two cross-species parasite proteins are competing with each other for the same host receptor molecule. However, competition of PvTRAg38 with its homologues on P. falciparum merozoites such as PfTryThrA and PfMaTrA (merozoite-associated tryptophanrich antigen) cannot be ruled out at this stage. Although Band 3 and PfMSP 1 interaction is well known, the same need to be investigated for these two P. falciparum tryptophan-rich homologues because their erythrocyte receptors are not yet known. PvTRAg38 shares 31.96% (58% homology) and 27.44% (52% homology) amino acid sequence identity with PfTryThrA and PfMaTrA of P. falciparum, respectively. PfTryThrA contains erythrocyte binding activity, which resides in the nonhomologous flanking regions, and peptides from this region were able to inhibit merozoite invasion in P. falciparum cultures (5) . Role of PfMaTrA in merozoite invasion is not known (39) . Further work is required to find the molecular interaction that takes place during merozoite invasion in P. vivax involving PvTRAg38 and its other host receptor, as well as its interaction with other parasite proteins in the process.
It will be interesting to find out whether P. vivax MSP 1 also binds to Band 3 via same extracellular region as PfMSP 1. It is known that PfMSP1 forms complex with RhopH3, as well as with PfMSP9, to interact with 5ABC (defined here as B3F5 fragment) and 6A of Band 3 (29, 31, 34) . In that case, the cooperative binding of several parasite proteins (the PvTRAg38, MSP 1, MSP9, and maybe other additional proteins) to the same host erythrocyte receptor through its different exofacial regions may be providing the parasite an opportunity to tighten its interaction with the host cell. This phenomenon may indicate the complexity of molecular interactions needed for the successful invasion process (40) . Thus multiple parasite ligands recognizing the same erythrocyte receptor, as well as the same parasite ligand recognizing more than one erythrocyte receptor, are an indication that the parasite must be using multiple pathways to invade the host cell (9, 10, 34) . This could be a backup strategy for red cell invasion or the strategy to invade different erythrocyte types to widen its invasion capacity. In either case, the parasite has developed a well organized strategy to invade and establish its growth and development inside the host cell.
Molecular interactions between host and parasite are important events for the survival and multiplication strategy of the parasite within its host. The disruption of these molecular interactions might prove lethal to the parasite. This has generated a great deal of interest among workers so as to develop drug molecules or immunotherapeutics. Here, we have identified an erythrocyte receptor, which is utilized by P. vivax tryptophan-rich antigen expressed by the merozoites (11) . This is indeed for the first time when a receptor for any of the tryptophan-rich protein of any Plasmodium species is being identified, although such parasite ligands on merozoites of human malaria parasite P. falciparum have been identified that are involved in red cell invasion (5) . Further, we have defined here the binding domains of both the receptor (Band 3) and ligand (PvTRAg38) molecules to unravel the molecular mechanisms involved in receptor-ligand binding during host-parasite interaction. Nevertheless, further work is required so as to localize these PvTRAgs, using monoclonal antibodies because polyclonal antibodies cross-react, and to investigate whether these antibodies are able to affect the parasite growth and invasion phenomenon. These well defined sequences of host receptor and parasite ligand molecules and further work on the other erythrocyte receptors and parasite ligands might lead to the development of therapeutics against P. vivax malaria.
